SUMMARY
INTRODUCTION
In future, wind farms based on Doubly Fed Induction Generators (DFIGs) are likely to be increasingly used due to their ability to maximise power extraction, their flexibility of control and their capability for network support. However, as opposed to conventional synchronous generators, DFIGs utilize power electronic converters for control purposes and connection to the network. Consequently, DFIG wind turbines interact with the power system in a way that differs from conventional synchronous generators. A critical issue for the operation of power system with high penetration of converter-connected generation is the minimum level of synchronous generation that must be maintained for operating the power system in a stable manner both in steady state and during system contingencies. The minimum level of synchronous generation for stability of DFIG wind farms is investigated in this paper using a generic network model comprising both local DFIG wind-farms and conventional synchronous generation. The generic network model is linearised to explore the impact of DFIG wind generation on dynamic stability via eigenvalue analysis. The impact of DFIG wind generation on transient stability is explored by applying threephase faults in different locations of the network and observing the fault recovery performance of the system for different amounts of wind penetration. Fig. 1 illustrates the network model developed in Simulink that was used to investigate the minimum level of synchronous generation that needs to exist in order to maintain stability of DFIG based wind turbines. The generic network model comprises both wind farm and conventional thermal generation connected to the main system through the impedances of coupling transformers and transmission lines [1] . Both forms of generation are connected to a common bus where a load is also connected. The main system is modeled as an equivalent loaded synchronous generator representing the combined effect of the system generators and load. The loaded synchronous generator has a capacity of five times that of the wind farm for the studies involved. Faults may be applied at the network side of the terminals of the coupling transformers of both the synchronous generator (Fault 1), and the DFIG (Fault 2).
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Fig . 2 shows the basic configuration of a DFIG based wind turbine [2] [3]. The stator is normally directly connected to the power system, and the rotor is interfaced through a variable frequency power converter, which decouples the speed of the rotor from the frequency of the power network. 
DFIG torque and voltage control scheme
The favored way of representing a DFIG for the purpose of analysis, simulation and control is in terms of direct and quadrature axes (dq axes), which form a reference frame that rotates synchronously with the stator flux vector ( )
. In terms of this form of representation, the q-axis was assumed to be 90° ahead of the d-axis in the direction of rotation and the q-axis was chosen to align with the stator voltage vector. Therefore, qs v equals the terminal voltage and ds v is equal to zero.
The DFIG torque control scheme applies a set point characteristic for maximum power extraction [6] . Fig. 3a shows a typical wind turbine torque-speed characteristic, where the curve opt P defines the maximum energy capture. The torque control objective is to keep the turbine on this curve as the wind velocity varies. The complete generator torque-speed characteristic, which is applied for the controller model, is shown in Fig. 3b .
Generator power Voltage control schemes are typically designed to provide power factor and/or terminal voltage control using converter C1. Although reactive power injection can also be obtained from the stator side converter, the rotor side converter is usually preferred because the reactive power injection through the rotor circuit is effectively amplified by a factor of 1 s .
LOCAL SYNCHRONOUS GENERATOR (GEN 1)
The dynamics of the synchronous generator were represented by a 6 th order model. The model comprises a set of differential equations suitable for simulating the dynamic behavior of salient pole generators; it takes into account the dynamics of the stator, field, and damper windings. The generator rotor is represented by a field winding with a single damper winding on the d − axis and two damper windings on the q − axis. The dynamics of the stator are considered to be sufficiently fast to assume instantaneous response and consequently the stator relationships are expressed in terms of algebraic equations [7] .
Synchronous generator control scheme
A simplified block diagram of the control system employed on the synchronous machine is illustrated in Fig. 6 . The control system comprises the Automatic Voltage Regulator (AVR) and Power System Stabilizer (PSS). The AVR controls a static excitation system employing additional generator field current compensation.
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Additional blocks in the AVR are the terminal voltage ( t V ) measurement lag filter, compensator with anti-windup logic, static exciter system and control loops. The Power System Stabilizer (PSS) provides an additional input signal to the AVR to improve the damping of system oscillations following disturbances [8] . As shown in the block diagram of Fig. 6 the PSS processes an electrical power, e P , signal. It includes measurement lag filters, washout functions and phase-lead compensators. The parameters and settings selected for the synchronous generator and controller correspond to an existing generating plant. In this investigation the local synchronous generator was provided with both AVR and steam turbine control. The PSS gain was set to zero in order to observe the contribution of wind generation to system damping following short-circuit disturbances in the network.
MAIN SYSTEM EQUIVALENT SYNCHRONOUS GENERATOR
The main system in the generic network was modeled as an equivalent loaded synchronous g enerator representing the combined effect of the system generators and load. In this case the loaded synchronous generator has a capacity of five times that of the wind farm for the studies considered in the paper. The main system synchronous generator was also provided with standard AVR and steam turbine controls
SIMULATION RESULTS
Simulations were conducted in Simulink to explore the impact of wind generation on dynamic (small-signal) and transient stability of the network, and to determine the minimum level of synchronous generation required to maintain the stability of DFIG wind farms and the overall power system. The investigation considered operating conditions with different ratios of conventional to wind generation, but maintaining essentially constant the power flow to the main system according to the following equation: GEN1 ; GEN1GEN22.0 pu GEN2 gen r =+= (1) where GEN1 represents the local synchronous generator and GEN2 represents the DFIG wind farm.
Dynamic stability assessment
The generic network model was linearised in order to evaluate the impact of DFIG wind generation to dynamic stability and its contribution to system damping via eigenvalue analysis. For stability, all of the eigenvalues must lie in the left half complex plane. Any eigenvalue in the right half plane denotes an unstable dynamic mode and system instability. The way in which DFIG wind generation penetration influences dynamic stability and contributes to system damping can be demonstrated by observing its influence on the loci of the critical eigenvalues, i.e. the eigenvalues furthest to the right in the complex plane. Table 1 Fig. 7 plots the critical eigenvalue osc λ in the complex plane as the ratio of conventional to DFIG wind generation varies over the range covered in Table 1 . It can be observed that as the DFIG wind power component is increased the critical eigenvalue is shifted to the left (negative side) of the complex plane, which indicates that a significant improvement in the system damping and dynamic stability margin is provided.
Transient stability assessment
The impact of wind generation on transient stability was evaluated by applying three-phase faults on the network (Fault 1 and Fault2) as shown in Fig. 1 . Different fault clearance times were used to determine the critical fault clearance time as the proportion of conventional to DFIG wind generation was varied. The critical Table 1 , and shown graphically in Fig.  8 . These results illustrate that the fault recovery performance of the network is improved as the proportion of DFIG wind generation is increased. 
CONCLUSIONS
The results obtained in these investigations using the generic network model have indicated that as far as dynamic stability and transient stability (the ability of the network to retain synchronism following three-phase faults) is concerned, the greater the proportion of DFIG wind farm generation the better the system damping and fault recovery performance. The DFIG model used assumes that both the converter and control system continue to operate correctly through the disturbance. Hence, the results should be considered as preliminary with more work in progress. The minimum level of synchronous generation will be dictated by the requirements, e.g. frequency response or reserve. If loss of generation occurs on the network then a sufficient reserve of conventional generation, that can quickly increase its output to make up for the lost generation, is required to sustain network operation. This reserve is likely to be a key limit on the minimum level of synchronous g eneration needed on a mixed DFIGsynchronous generator system.
